Michael, "Ultrasonic velocities in cores from the Kola superdeep well and the nature of subhorizontal seismic reflections" (1994 Abstract. P wave velocity and orthogonally polarized S wave velocities were measured on 12 cores recovered from the Kola superdeep well at depths of 0 to 12 km. Measurements were made along the core axis at a frequency of I MHz, at confining pressures ranging from 2 to 100 MPa, and under dry and water-saturated conditions. Cores were chosen to sample a variety of lithologies and were used to estimate interval velocities based on a simplified geological column of the well. These interval velocities were then compared with sonic log and vertical seismic profile (VSP) data. High-pressure lab velocities correlated primarily with rock composition and texture. These laboratory velocities are generally in good agreement with both sonic log and VSP data, suggesting that extremely low velocities, as measured in unconfined laboratory samples or at low confining pressure, are the result of drilling and core-recovery-induced damage. The magnitude of this microcrack-induced damage generally increases with depth in a stepwise manner but with a few notable inversions. These inversions are characterized by a relatively small reduction in dry unconfined velocities compared to the in situ velocities. We interpret these inversions to be due to localized in situ stress relief related to faulting, fracturing, and/or hydrothermal alteration. We also observed pronounced $ wave splitting in the cores, the analysis of which suggests that the stress relief microcracks tend to be aligned parallel to the foliation in gneisses and amphibolites (dip angle 280-45 ø) rather then being subhorizontal. These observations have important implications for the nature of gently dipping seismic reflections detected in the immediate vicinity of the Kola well.
While the observations of subhorizontal reflectors and a velocity inversion in the upper crust penetrated by the Kola well are now well established [e.g., Kozlovsky, 1987] , the origin and nature of these features are still highly controversial. One interpretation of the Kola low-velocity zone was given by Kremenetsky [1990] , who suggested that from 4.3 to 9.5 km depth there exists a layer with enhanced porosity and microscopic fracturing containing free water. Kremenetsky In this paper we address these issues directly by measuring ultrasonic velocities and shear wave splitting on cores from the Kola well over a wide range of confining pressures and then comparing the results with sonic log and VSP data. We argue that it is unnecessary to appeal to the presence of elevated fluid pressures and pervasive microscopic hydraulic fracturing in the rock at depth surrounding the Kola well. Rather, the general increase in core porosity and the decrease in ultrasonic P and $ wave velocities with depth at low confining pressm • are likely the result of sample retrieval effects such as stress relief cracking, thermal cracking, and core disking. Similar conclusions were reached regarding measurements of permeability and electrical resistivity 
Sample Description and Method
The geological section of the Kola well can be briefly described as follows [Kozlovsky, 1987] : (1) The borehole penetrated Proterozoic complex rocks from 0 to 6.8 km, with basic composition metavolcanics from 0-1.0 km, a metasedimentary sequence in the depth range of about 1.0 to 2.8 km, basic metavolcanics from 2.8 to 4.5 km, and intermediate metavolcanics dominating from 4.5 to 6.8 km; and (2) between 6.8 and 12 km the well intersects an Archean gneiss-migmatite complex with ubiquitous amphibolite bodies up to 30 m in thickness. Regional metamorphism of Proterozoic age has affected both complexes, effectively obliterating textural differences between the metavolcanics and underlying gneisses. A transition from greenschist to epidote-amphibolite metamorphic facies occurs at 4.3-4.5 km, below which the rock is uniformly foliated due to the preferred orientation of minerals such as mica and amphibole. A brief petrographic description and some physical properties of the samples are given in Table 1 . It is clear that the bulk density primarily reflects the mineralogical composition of these rocks. Note also that the porosity as measured in unconfined cores generally increases with depth, being higher in gneisses than in amphibolites at comparable depths.
Velocity measurements were conducted on 12 cylindrical samples (2.5 cm in diameter, 1.5 q-0.3 cm long) obtained from the Kola well to represent the major lithologies intersected by the well and two samples from nearby surface outcrops. Cores were oriented with For anisotropic materials, $ñ and $11 are, in fact, quasi-shear due to a superimposed component of longitudinal particle motion. In our experiments, the shear wave transducers were oriented such that the predominant $ñ and $11 particle motions were perpendicular to the cylinder axis, with $ñ polarized in the plane normal to foliation and $11 polarized parallel to foliation (Figure 1) . Such an arrangement allows the extent of shear wave splitting to be determined for the vertical propagation direction. Both P and $ wave velocities were determined by picking the first departure (or break) of the amplitude signal from a background level. The accuracy with which P and $ wave velocities could be determined was estimated to be approximately +1% and +1.5%, respectively.
Results

Ultrasonic
Velocities in Cores
The variation in velocities with confining pressure for the most typical samples from our collection is shown in Figures 2, 3, and Table 1 and range from 28 ø to 45 ø. (Table 1) , the Sñ velocity drop for the pressure release from 100 MPa to 5 MPa should always exceed that for $11 velocity, in agreement with our measurements (Figure 6a) . The effect is predicted to be even stronger for the higher crack porosities typical of cores retrieved from the lower half of the Kola well (Table 1) Figures 2, 3 , and 4), shows much less variation with depth than that exhibited by the P wave velocity (Figure 7) . In particular, the reduction in $ wave velocity should have been greater than the reduction in P wave velocity observed below about 4.3 km if the overall velocity decrease with depth at Kola were related to pervasive microcracks in the crust, as proposed by Kremenetsky [1990] . (Figure 7) and that the average velocities calculated over discrete, geologically homogeneous intervals in the well are generally consistent with interval velocities from VSP surveys (Figure 8 ). Thus it is not necessary to speculate on the existence of the mineral-dehydrationinduced, free-water-filled in situ microcracks to account for the low velocity zone below 4.3 km, as suggested by Kremenetsky [1990] . As discussed above, the observed velocity reduction can simply be explained through the combined effects of variations in lithology and rock fabric. Furthermore, the regional metamorphism to which Kremenetsky attributes these microcracks took place during the Proterozoic (i.e., some 1. Kremenetsky [1990] and both our experiments and the laboratory velocity measurements of Gorbatsevich et al.
[1991] suggests that many of the microcracks Kremenetsky attributed to pervasive in situ hydraulic fracturing are actually the result of stress relief and thermal cracking during drilling and core retrieval that were not fully corrected for in his analysis. We believe, rather, that the observed increase in microcrack porosity with depth as measured in the core at ambient pressure (Table 1) indicate that (at ambient laboratory conditions) porosity increases and ultrasonic P and $ wave velocities dramatically decrease with increasing depth of sample recovery, at least below about 4-6 km. Strong pressure sensitivity of these velocities, pronounced $ wave splitting, and enhancement of velocities upon sample saturation with water are observed at low confining pressures. These results indicate that physical properties in the deeper samples are strongly influenced by pervasive aligned microfractures in the cores. However, at higher confining pressures the $ wave splitting is reduced to its intrinsic, fabric-related values, and the sensitivity of velocities to confining pressure and sample saturation largely disappear, indicating that these microcracks are mostly closed at confining pressures of 100 MPa. Except for a few localized intervals close to faults and/or hydrothermal alteration zones, these highpressure laboratory velocities correlate well with P and $ wave velocities measured in situ using vertical seismic profiling and acoustic logs. This correlation indicates that these microcracks are not present in the rock surrounding the Kola well at depth but, rather, result from processes such as stress relief, thermal cracking, and core disking induced during drilling and core recovery. Thus, we interpret the decrease in in situ P wave velocity observed at a depth of about 4.3 km in the Kola well as resulting from bulk mineralogical variations and foliation-induced seismic anisotropy and not from pervasive in situ microscopic hydraulic fracturing, as has been sometimes proposed.
